ABSTRACT Two experiments were conducted to examine the effects of different fat types, i.e., soybean oil (S) and beef tallow (T), in rye-based broiler diets, either unsupplemented (−) or supplemented (+) with xylanase (Avizyme 1300 at 1 g/kg diet), on selected bacterial groups adhering to the epithelium of crop, duodenum, jejunum, and ileum (Experiment 1, 16 d of age), on mean retention time (MRT) of digesta, and on digestibility of N and dry matter in successive segments of the digestive tract (Experiment 2, 24 d of age). Live weight of enzymetreated and S-fed chickens was significantly higher than that for unsupplemented or T-fed birds, respectively, in both experiments.
INTRODUCTION
Increased intestinal viscosity was shown to be the most important physiological impact when rye diets are fed to broiler chickens (Bedford and Classen, 1992) . It has been proved that this increased viscosity is closely related to soluble pentosans in rye and that their in vivo gel-forming properties can be greatly diminished by supplementation of the diet with endoxylanases (Bedford and Classen, 1992) . Furthermore, it has been reported that enzyme effects on crude fat and fatty acid digestibility were more pronounced when the source of fat was beef tallow compared with soybean oil (Dänicke et al., 1997b) . On the other hand, it has clearly been demonstrated that antibiotic supplementation of rye broiler diets improved performance of the birds markedly (MacAuliffe and McGinnis, 1 To whom correspondence should be addressed: Sven Dänicke, Institute of Animal Nutrition, Federal Agricultural Research Centre, Braunschweig (FAL), Bundesallee 50, D-28 116 Braunschweig, Germany; sven.daenicke@fal.de 1292 increase as far as the ileum. Xylanase supplementation significantly reduced enterobacteria and total anaerobe microbes with a similar trend for Gram-positive cocci and enterococci. The latter two groups were significantly enhanced in birds fed T. In Experiment 2, xylanase supplementation resulted in a decrease in MRT in several segments of the digestive tract. This effect was most pronounced in the small intestine, where MRT of 268, 217, 241, and 209 min in groups S−, S+, T−, and T+, respectively, were measured. Apparent digestibility of N and dry matter was slightly improved by xylanase supplementation in the jejunum and ileum. Nitrogen digestibility by the terminal ileum was 80.3, 83.7, 79.4, and 82.2% for the S−, S+, T−, and T+ groups, respectively, and dry matter digestibility amounted to 61.2, 65.5, 62.1, and 64.0%, respectively.
1971; Misir and Marquardt, 1978a,b; Day and Thomas, 1980) and changed the pattern of both luminal and adhering flora as well as microbial activity (Wagner and Thomas, 1978; Untawale and McGinnis, 1979) . It was therefore suggested that the antinutritive effects of pentosans might be mediated through the gut microflora, and that a longer transit time of digesta caused by increased viscosity could increase microbial activity in the chicken . Hence, the objective of the present study was to examine selected groups of microbes adhering to epithelium and mucus of the small intestine (Experiment 1) and to determine the mean retention time (MRT) and the apparent digestibility of dry matter and N in different segments of the digestive tract of the chicken (Experiment 2).
MATERIALS AND METHODS

Experimental Design
Diets tested in these experiments were the most extreme diets of an experimental design described by Dän-Abbreviation Key: MRT = mean retention time; S = soybean oil; T = beef tallow; − = without enzyme addition; + = with enzyme addition. Vitamin-mineral premix provided per kilogram of diet: Fe, 60 mg; Cu, 5 mg; Zn, 51.4 mg; Mn, 60.8 mg; Se, 0.2 mg; I, 0.6 mg; vitamin A, 12,000 IU; cholecalciferol, 3,000 IU; vitamin E, 49 IU; vitamin B 1 , 2.1 mg; vitamin B 2 , 6.6 mg; vitamin B 6 , 4.1 mg; vitamin B 12 , 20.7 µg; pantothenic acid, 15 mg; nicotinic acid, 36 mg; folic acid, 1 mg; biotin, 102 mg; choline chloride, 700 mg; ethoxyquin, 120 mg; Zn-bacitracin, 50 mg. icke et al. (1999) in which a dose response study with respect to dietary soluble pentosan level was conducted. Wheat and rye were used as the sole plant fiber and pentosan source. These cereals were blended in such a way as to give four basal diets with increasing pentosan contents. To achieve this aim, wheat was replaced by rye as a percentage of total dietary cereals, at a rate of 0, 33, 66, and 100%. This substitution corresponded to calculated dietary soluble pentosans of 7.7, 11.0, 14.3, and 17.6 g/ kg, respectively. Each of these diets contained either soybean oil (S) or beef tallow (T) as the dietary fat type. Finally, each diet was tested without (−) or with (+) xylanase supplementation. The xylanase preparation was obtained from Trichoderma longibrachiatum and contained 3,000 IU/g, measured at pH 6.0 on the basis of reducing substance formation. β-Glucanase activity and cellulase activity measured under the same conditions were very low (40 and 14 IU/g, respectively). The inclusion rate of the enzyme preparation was 1 g/kg. The four rye-diets used in the present experiments represented the highest concentrations of dietary soluble pentosans (Table 1) .
Animal and Laboratory Procedures
Birds used for the present investigations were selected from the mentioned experiment (Dänicke et al., 1999) at 7 d of age (Experiment 1) and at 14 d of age (Experiment 2). The average body weight of their respective groups were 125, 135, 123, and 133 g for S−, S+, T−, and T+ groups, respectively, at 7 d of age and 286, 340, 243, and 303 g, respectively, at 14 d of age. A total of 12 chicks and 16 chicks were used in Experiment 1 and 2, respectively (three and four replications per group, respectively). Birds were placed into single metabolic cages and the pelleted experimental diets were offered for ad libitum consumption.
Experiment 1
The procedure was performed when the chicks were 16 d of age. Preparation of tissues for determining adhering microbes is described by Vahjen et al. (1998) in detail. Individual broilers were consecutively processed after feed withdrawal of 2 h such that no more than 4 h passed between extraction of tissue samples and incubation of samples on the media. Birds were killed and the digestive tract was quickly dissected. Crop, duodenum (pylorus to entrance of bile ducts), jejunum (bile duct entrance to Meckel's diverticulum), and ileum (Meckel's diverticulum to the ileo-cecal junction) were ligated and subsequently separated. Dilutions from extracted and washed tissue samples were applied onto selective media agar plates in 20 µL droplets. All media were incubated for 48 h at 37 C.
McKonkey media, esculin/bile acid media, and total anaerobe media 2 were used to isolate enterobacteria, Gram-positive cocci, and total anaerobes, respectively. Total colony-forming units on the respective media were counted using a stereo microscope. Evaluation of colonyforming units were carried out according to Vahjen et al. (1998) .
Experiment 2
Diets contained TiO 2 as an inert marker. It was assumed that the birds were in a steady state at 23 d of age with respect to intake and excretion of TiO 2 after consuming the marker containing diets for 5 d. The quantity of feed eaten within 24 h was recorded from 23 to 24 d of age. Birds that consumed feed ad libitum were weighed exactly 24 h after starting to record their feed intake and the quantity of consumed feed was determined. After live weight was recorded, chicks were killed and the digestive tract was quickly dissected and segments described above were separated. Digesta of the respective intestinal segments was squeezed into preweighed test tubes and weight was recorded, frozen, and stored for further analysis at −20 C. Digesta samples were freeze-dried and finely ground to pass through a 0.2-mm sieve using a freezer mill (Model 6700-230).
3 Dry matter and N were analyzed by standard methods of the Verband Deutscher Landwirtschaftlicher Untersuchungsund Forschungsanstalten (VDLUFA) as described by Naumann and Bassler (1993) ; TiO 2 was determined according to Brandt and Allam (1987) .
Digestibility of dry matter and N was calculated as follows (Krawielitzki et al., 1987) :
Mean retention time (MRT) can be calculated from the ratio between TiO 2 present in the respective segments of the digestive tract and the daily TiO 2 intake. Calculation can be formulated as follows (Persson and Svensson, 1960, Van Der Klis et al., 1990) :
Statistical Analysis
Two-way factorial ANOVA were applied for live weight and feed intake:
Merck, Darmstadt, Germany 64271. where y ijk = tested parameter of a broiler k fed a diet containing fat type i and xylanase level j; a i (fixed effect) = fat type (S, soybean oil, T, tallow); b j (fixed effect) = xylanase supplementation (−, without, +, with xylanase); a i × b j = interactions between fat type and xylanase supplementation; e ijk = error term.
Digestibility of nitrogen and dry matter and MRT were analyzed by a three-way ANOVA with repeated measurements:
where y ijkl = tested parameter of a broiler l fed a diet containing fat type i and xylanase level j in intestinal segment k i (fixed effect) = fat type (S, soybean oil, T, tallow); b j (fixed effect) = xylanase supplementation (−, without, +, with xylanase); c k (fixed effect) = intestinal segment (C, crop, G, proventriculus and gizzard, D, duodenum, J, jejunum, I, ileum, R, rectum, Cc, ceca); (a × b) ij = interactions between fat type and xylanase supplementation; (a × c) ik = interaction between fat type and intestinal segment; (b × c) jk = interaction between xylanase supplementation and intestinal segment; (a × b × c) ijk = interaction between fat type, xylanase supplementation and intestinal segment; dl(a × b) = effect of repeated measurements (different segments) within the same bird l; e ijkl = error term. Significant differences between the means were detected by the Tukey significant difference (HSD) test. All statistics were carried out using the Statistica for the Windows operating system (Statsoft, 1994) .
RESULTS
Experiment 1
Live weight of broilers at Day 16 is shown in Table 2 . Birds fed S diets were significantly heavier than birds fed T diets. Live weight was significantly increased by xylanase supplementation to the T diet. No interactions were observed between fat type and enzyme supplementation. Values within columns with no common superscript differ (P < 0.05). Values within columns with no common superscript within intestinal segment differ (P < 0.05).
Tissue-associated colony-forming units in crop, duodenum, jejunum, and ileum dependence on fat type and xylanase supplementation are summarized in Table 3 . Significant xylanase effects were observed for the genera of Enterobacteriaceae (P < 0.001), for total anaerobes (P < 0.001), and for Gram-positive cocci. Feeding T influenced the counts of Gram-positive cocci significantly (P < 0.001). Similar changes in the counts of all examined bacterial groups were observed when the direction from crop to ileum was considered (significant effect of intestinal segment). There were high concentrations of colonyforming units adhering to the crop epithelium, a marked decrease from crop to duodenum, which was followed by a continuous increase up to the ileum. Significant interactions between fat type and enzyme addition were observed for Enterobacteriaceae, Gram-positive cocci, and enterococci (P < 0.001, P < 0.001, and P < 0.01, respectively). Significant three-way interactions between fat type, xylanase supplementation, and intestinal segment were detected for enterobacteriaceae, Gram-positive cocci, and enterococci (P < 0.01). These interactions indicate that fat type and xylanase addition interacted in a different way in different intestinal segments to some extent and should be considered in interpreting of the main effects.
Experiment 2
Feed intake during the 24-h experimental period as well as live weight of the birds at the end of this period are shown in Table 4 . Birds fed the T-diet consumed slightly less feed. The respective live weights reflected the tendencies observed for feed intake, but in this case, the fat and enzyme effects were significant (P < 0.05). Again, T-birds had the lowest live weight, which resulted in the significant interaction between fat type and enzyme supplementation (P < 0.001). The MRT in the different segments, as shown in Table 5 , were summed and the resulting MRT in the whole digestive tract is also shown in Table 4 . No significant effects were observed. However, MRT for enzyme-supplemented groups were more than 1 h shorter than in the unsupplemented groups. Observing the mean values of MRT over fat type and intestinal segments revealed a significant reduction after xylanase supplementation. Indeed, enzyme addition resulted in a reduction of MRT in several segments of the digestive tract irrespective of fat type (Table 5, Figure 1) , especially in the small intestine (jejunum and ileum), whereas in other segments no consistent tendencies were observed. Reduction in MRT in jejunum and ileum was paralleled by small increases in dry matter and N digestibility. The pattern of MRT and digestibility descending from crop to rectum was the same in all groups, but was modified by dietary treatments (Figures 1 to 3) . Digestibility values declined from crop to duodenum and were found to be negative in proventriculus plus gizzard and duodenum, which indicated high rates of secretion into these segments. This negative digestibility was followed by continuous positive absorption in the jejunum and ileum. Changes in digestibilities from ileum to rectum were only Values within columns with no common superscript differ (P < 0.05). slight, which suggests that digestion and absorption were terminated in the ileum.
DISCUSSION
Birds fed the S or + diets were significantly heavier than animals fed the T or − diets in both experiments. Xylanase effects were more pronounced in birds fed Tin Experiment 2, which is in accordance with earlier observations (Dänicke et al., 1997b) . Detection of microbes adhering to epithelia and mucus of different segments of the digestive tract of chicken is in general agreement with literature findings (Fuller, 1973 (Fuller, , 1984 Vahjen et al., 1998) . Segment-dependent changes in composition of intestinal microflora have been reported (Huhtanen and Pensack, 1965; Watkins and Kratzer, 1983; Vahjen et al., 1998) .
Enzyme supplementation significantly depressed total anaerobe colony-forming units of tissue-associated bacte-FIGURE 2. Effect of fat type and xylanase supplementation on apparent nitrogen digestibility in successive segments of the gastrointestinal tract of male chickens (24 d of age, Experiment 2, average of four birds per treatment ± standard error). Bars from left to right in each group: crop, proventriculus plus gizzard, duodenum, jejunum, ileum, and rectum. ria, with especially large differences in duodenal and jejunal samples from birds fed S diets. The same effect could be observed for Enterobacteria. Similar observations were made by Vahjen et al. (1998) who fed a wheat-based diet, either unsupplemented or xylanase-supplemented, to broiler chickens from 1 to 28 d of age and recorded age and xylanase-dependent changes in luminal and tissueassociated bacteria.
Growth of tissue associated bacteria is more or less independent of digesta flow rates; thus, surface or substrate factors determine the amount of bacteria in the mucosal layer of the intestine.
Higher digesta viscosity changes the morphology of host intestinal tissues (Johnson and Gee 1986) , which results in prolonged epithelial villi and higher turnover of epithelial cells in rats (Gee et al. 1996) . Digesta viscosities from animals receiving the same diets as in this experiment were measured to be 99, 30, 220, and 96 mPas in birds fed S−, S+, T−, and T+, respectively, in jejunal digesta supernatant and 464, 140, 810, and 264 mPas in ileal digesta supernatant, respectively (Dänicke et al., unpublished data) . Thus, viscosity reduction in birds fed enzyme-supplemented diets may have induced modifications in intestinal tissue morphology leading to reduced colonization surface, altered adhesion structures, and a increased luminal release of epithelial cell (and adhering bacteria) due to a stimulated proliferation rate of mucosal cells. The latter was reported for chickens (Rolls et al., 1978) and rats (Southon et al., 1985) when diets contained elevated amounts of nonstarch polysaccharides, which potentially increase digesta viscosity. The observed effects on microbial colonization were most pronounced in duodenal and jejunal samples with short digesta retention times and, thus, low steady state concentrations of soluble arabinoxylans. An overall lower steady state nutrient concentration due to higher resorption rates, lower endogenous loss, or composition change in mucus and shed epithelial cells, would lead to growth depression for bac- teria, which depend on more complex nutrient compositions as provided by the host.
The response of cocci on enzyme supplementation seemed less drastic, which indicates that this group of bacteria is not influenced by morphological changes or nutrient composition as mediated by enzyme treatment. On the other hand, T feed resulted in an increased number of cocci in the jejunum and ileum, but seemed to depress growth of total anaerobic bacteria and enterobacteria. It is well known from ruminant nutrition that higher concentrations of unsaturated fatty acids (mainly oleic acid, linoleic acid, and linolenic acid) in the diet change the microbial composition and activity in the rumen markedly (for reviews see Jilg et al., 1988; Demeyer and Van Nevel, 1995) . Significant higher pH values were measured in most intestinal segments when T was used as dietary fat instead of S (Dänicke et al., 1997a) . Thus, fat type clearly influences the microbial composition in the intestine, and in this experiment, growth of cocci indicated changed microflora due to different fats. It is not known whether cocci growth was actively stimulated by T or whether it was merely a result of an inhibition of other bacteria, possibly due to increased secretion of bile acids by the host. Bile acids have a bacteriostatic effect, with most members of the intestinal microflora being resistant, but with differences in toleration of bile acid concentrations. Cocci can be distinguished by their ability to grow in the presence of different bile salt concentrations and, thus, more bile acid resistant cocci, such as enterococci, may become dominant under higher bile acid concentrations. Active deconjugation of conjugated bile acids, as carried out by some lactobacilli, also occurs in the intestinal tract, but it is unknown whether the generated bile salt hydrolase activity is sufficient to quantitatively interfere with the bile salt metabolism.
The antibiotic Zn-bacitracin was included in all diets. The polypeptide bacitracin has a narrow spectrum of activity against Gram-positive bacteria such as clostridia, certain staphylococci, and streptococci. Thus, total anaerobic and cocci colony-forming units are biased by selection of bacitracin-resistant bacteria in the intestinal tract. Nevertheless, as all diets contained the antibiotic, relative changes between trial groups are still valid, although influences on antibiotic abundance in different viscosity milieus or proteolytic breakdown remain unknown.
The MRT was shortened by xylanase supplementation. This effect was more pronounced in jejunum and ileum than in other segments of the digestive tract. The small intestine is the location where the digesta stays for a relatively long time and where the soluble pentosancaused increase in intestinal viscosity is supposed to impair nutrient digestibility, which makes both the observed MRT and digestibilities more reliable than those observed for other segments. Reduction in MRT over the whole digestive tract after enzyme addition (Table 4) to diets rich in gel-forming antinutritive substances is in agreement with other findings (Jeroch et al., 1990; Almirall and Esteve-Garcia, 1994; Dänicke et al., 1997a) . The MRT for the entire small intestine were 268, 217, 241, and 209 min in groups S−, S+, T−, and T+, respectively. These values are slightly longer than those reported in the literature, 166 to 202 min (Hurwitz and Bar, 1966; Shires et al., 1987; van Der Klis et al., 1990 ).
An apparent relationship between MRT and bacterial counts is mediated by changes in intestinal viscosity. Differences in MRT as such seems to be less important for counts of adhering bacteria.
Apparent digestibilities of N and dry matter in segments of the digestive tract (Table 5) show negative values in crop, gizzard, and duodenum. The negative digestibilities reflect the intensive secretion processes in the upper part of the digestive tract, which, for N, is especially pronounced in the duodenum due to stomach, bile, and pancreatic secretions. In these upper segments, the data are not related to the factors of fat type or xylanase addition.
The slope of increase in digestibility decreases from duodenum to ileum. Although positive, xylanase effects were not significant for N and dry matter digestibility in jejunum and ileum, which are the main nutrient absorptive sites. Similar trends were reported by Imondi and Bird (1965) and Bielorai et al. (1973) for intestinal N digestibility and by van der Klis et al. (1990) for dry matter digestibility. Because the differences in apparent digestibility between unsupplemented and xylanase-supplemented animals are more pronounced in duodenum and ileum than in the rectum, a shift of nutrient absorption towards the upper region in enzyme-supplemented animals seems indicated. This result would mean an improved availability of the nutrients for the animal due to reduced microbial metabolism of the substrates.
The MRT and digestibilities observed for the ceca should only be taken as a rough approximation, as the ceca empty at greater time intervals than the remaining parts of the digestive tract (McNab, 1973) . Also, parameters as calculated for gizzard might be biased by the presence of grit or pseudo-grit and its behavior compared to the movement of digesta.
In conclusion, there seems to be some evidence that dietary fat and xylanase interact with the intestinal microecological system to affect feed transit and nutrient digestion in different segments of the digestive tract which, in turn, cause differences in live weight.
